The 'winged helix' or '!orkhead' transcription factor gene family is defined by a common 100 amino acid DNA binding domain which is a variant of the helix-turn-helix motif. Here we describe the structure and expression of the mouse fkh-4 and fkh-5 genes. The two genes encode proteins of 427 and 324 amino acids, respectively, with highly similar winged helix domains. Both genes are expressed in adjacent domains in the developing diencephalon from the headfold stage onward. Linkage analysis localisedfkh-5 to chromosome 9 at 34.5 centiMorgans (cM) andfkh-4 to chromosome 19 at 10.5 cM. The potential relationship of the two genes to the mouse mutations staggerer and small thymus (for fkh-5) and muscle deficient (for fkh-4) is discussed.
Introduction
The 'winged helix' or '!orkhead' transcription factors comprise a large and growing gene family whose members are defined by a common 100 amino acid DNA binding domain. The determination of the crystal structure of the DNA-binding domain of HNF-3y revealed that DNA recognition is mediated by a so-called 'winged helix' domain, which is a variant of the helix-turn-helix motif . This DNA-binding domain was found to bind to its target as a monomer and to make base-specific contacts by the a helix H3 and loop W2 which bind in the major groove of DNA. A 20 amino acid region N-terminal to helix 3 also has been shown to be important in the determination of binding site specificity (Overdier et aI., 1994) .
Since its original discovery as a region of homology between the rat hepatocyte nuclear factor 3 (HNF-3; Lai et aI., 1991) and the Drosophila gene forkhead (Weigel and Jiickle, 1990) , the forkhead motif has been found in more than 60 genes in species ranging from yeast to man (reviewed in Lai et aI., 1993) . Analyses of expression patterns as well as of gain or loss of function mutations have implicated these genes in pattern formation during embryogenesis. The HNF-3/l gene product, for example, is normally found in the node, notochord, endoderm and central nervous system during early stages of mouse development (Ang et aI., 1993; Monaghan et aI., 1993; Ruiz i Altaba et aI., 1993; Sasaki and Hogan, 1993) . Ectopic expression of HNF-3P in the midbrain and hindbrain of transgenic mice leads to changes in the expression of floorplate-specific genes and to abnormal neural patterning (Sasaki and Hogan, 1994) . Loss of function of the mouse HNF-3/l gene through targeted mutagenesis results in severe defects in midline development, specifically the absence of the notochord and floorplate, and the absence of dorso-ventral patterning of the neural tube (Ang and Rossant, 1994; Weinstein et a!., 1994) .
Several members of the winged helix gene family have been shown to be expressed in the central nervous system (Tao and Lai, 1992; Ang et a!., 1993; Hatini et a!., 1994; Murphy et a!., 1994) . The expression of brain factor (BF)-1 and -2 defines adjacent domains within the developing forebrain and retina (Tao and Lai, 1992; Hatini et a!., 1994) . The generation of a BF-l null mutation via gene targeting demonstrated the importance of this factor for brain development, as mu-tant mice showed severely reduced cerebral hemispheres (Xuan et aI., 1995) .
We have previously isolated 16 members of the winged helix family from mice (HNF-3a, fJ and y, Kaestner et aI., 1994; andfkh-1 tofkh-6, Kaestner et aI., 1993; Tanoue, Kaestner and Schutz, unpublished observations) , which exhibit specific and diverse patterns of expression in adult tissues. Here we report the detailed characterisation of fkh-4 and fkh-5, which are both expressed during organogenesis of the central nervous system.
Results

Characterisation of the fkh-4 and fkh -5 genes
Among the winged helix genes we had previously isolated, two genes, termedfkh-4 andfkh-5, were found to be expressed in the brains of adult mice (Kaestner et aI., 1993) . In order to define the relationship of the two genes, which exhibit highly similar winged helix domains, and to obtain specific probes which could be used for a detailed expression analysis, we obtained cDNAs for the two genes from a day 8.5 post coitum (p.c.) mouse embryo library. Combining sequence information from the cDNAs as well as genomic clones, we assembled the physical maps of the two genes (Fig. 1) . While the fkh-4 gene consists of only one exon, the 5' untranslated region of the fkh-5 gene contains a small intron. Both genes are unique among the winged helix genes described so far in that they both contain very short domains (ten amino acids) amino-terminal to the winged helix domain. The complete sequences of the two genes are depicted in Figs. 2 and 3. The fkh-4 mRNA encodes a protein of 427 amino acids and a calculated molecular weight of 45 .2 kDa (Fig.  2) , while the fkh-5 protein contains 324 amino acids (34.9 kDa; Fig. 3 ). The size of the fkh-4 and jkh-5 proteins obtained from in vitro translation of synthetic mRNAs is in good agreement with the calculated molecular weights, indicating that the entire open reading frames are translated (data not shown). Sequence comparison fkh -4 showed that the two genes have very similar winged helix domains (94 out of 100 amino acids are identical; the domains are underlined in Figs. 2 and 3) and belong to class IV of winged helix domains as defined by Sasaki and Hogan (1993) . Partial cDNA sequences corresponding to fkh-5 have appeared in Sasaki and Hogan (1993; termed c43) and Ang et ai. (1994; termed HFH5.1) . In contrast to the presumed DNA binding domains, the carboxy-terminal portions of fkh-4 and fkh-5 are quite distinct and point to possibly divergent functions of the two proteins. The C-terminal domain of the fkh-4 protein contains stretches of histidines and alanines. Histidinerich regions were also observed in the rat and human BF-I proteins (Tao and Lai, 1992; Murphy et aI., 1994) , while the rat BF-2 (Hatini et aI., 1994) contains an alanine stretch as well. The functional significance of these sequences is unknown.
Expression analysis of the fkh-4 and fkh-5 genes
We previously observed that the fkh-4 andfkh-5 genes are expressed in brain, and at lower levels, in thymus among 15 adult tissues tested (Kaestner et aI., 1993) . The expression domains of the two genes in adult brain were investigated by RNase protection analysis with genespecific probes (Fig. 4) . Of the tissues analysed, only the hypothalamus shows fkh-4 and fkh-5 mRNA expression, while in whole brain expression was only detectable after long exposures (data not shown). In order to gain an insight into the potential functions of these two genes during embryogenesis, we performed in situ hybridisation studies on embryos starting at day 7.0 p.c. of gestation with antisense cRNA probes (labelled A and B in Fig. 1 ). Fkh-5 transcripts are detected in day 7.5 embryos in the neural ectoderm and in posterior primitive streak mesoderm. On day 8.5 p.c. jkh-5 expression in the folding neural tube is localised to the lateral margins, excluding the prospective floor and roof plates (Fig. SA) . In addition, expression is seen in the presomitic mesoderm (Fig. SA) . On day 9.0 p.c., the expression becomes localised to the dermatome of the somites and disappears on day 9.5 p.c. From day 8.5 p.c. a second transient domain of expression is observed in the ectoderm and mesoderm of the tailbud (Fig. 5B) , which disappears on day to.5 p.c. (data not shown). In the neuroepithelium, fkh-5 gene activity is found in two domains; the first in the developing brain which extends from the zona limitans intrathalamica in the diencephalon throughout the midbrain with a posterior boundary in the cerebellar anlage, and the second which extends from the hindbrain caudally throughout the spinal cord ( Fig. 6D ; Ang et aI., 1993) . Initially transcripts are detected throughout the spinal cord but subsequently they become localised to three regions, a medial region in the ventricular zone spanning alarlbasal plate boundary ( SC, white arrow) and in a population of potential neural crest cells emigrating from the tip of the neural tube around the ventricular zone (Fig. SC, labelled *) . In the brain, jkh-5 transcripts are localised in ventricular and subventricular regions of the diencephalon, but from day 11 p.c. intense expression is observed in differentiating nuclei of the mammillary area (Fig. 6D , white arrow; and data not shown). On day 12.5 p.c., intense jkh-5 expression is maintained in the diencephalon and seems to mark the mammillary area, while weak expression is also observed in the mantle layer of the dorsal midbrain and the differentiating medulla oblongata (Fig. 6D and data not shown).
The jkh-4 gene is activated slightly later than jkh-5 in day 8.S p.c. turned embryos. Transcripts of jkh-4 are localised to a few cells in the dorsal aspect of the telencephalic vesicle. This expression intensifies on day 9 p.c. with precise anterior and posterior boundaries in the diencephalon (Fig. SD) . Subsequently, the diencephalon differentiates into four distinct regions, the epithalamus, dorsal thalamus, ventral thalamus and hypothalamus which can be distinguished by ventricular sulci and ridges. Fkh-4 transcripts are found exclusively in the zona limitans intrathalamica (Fig. SE) , which is the natural boundary between the ventral and dorsal thalamus and the region from which the mammillary tract differentiates. This expression extends into the prospective mammillary area and into the tuberal hypothalamus (Figs. SE and 6C) . At later stages (day 12.5 p.c.) a second domain of jkh-4 expression can be discerned in the hindbrain in the field of the differentiating medulla (Fig. SF) . During late gestation, jkh-4 transcripts are detected in a distinct popula- • Otx-1
• Dlx-1 tion of hypothalamic nuclei surrounding the optic chiasma, the midbrain tegmentum and to the field of the differentiating pons and medulla (Fig. 5G) .
To more precisely define the domains of jkh-4 expression, comparative in situ hybridisations with jkh-4, jkh-5, Dlxl and Otx2 were performed on day 12.5 p.c. embryos. Dlxl (distal-less 1; Price et aI., 1991) is expressed throughout the ventral thalamus and has an anterior boundary of expression at the zona limitans intrathalamica, whereas Otx2 (orthodenticle 2; Simeone et aI., 1992) is expressed anterior to the zona limitans intrathalamica. Comparing the expression patterns of all four genes revealed that the anterior boundary of Dlxl (Fig.  6A , white arrow) and the posterior boundary of Otx2 (Fig.  6B , white arrow) abut the domain ofjkh-4 (Fig. 6C , black arrowhead) in the thalamus. Fkh-4 is highly expressed in the zona limitans intrathalamica, whereas Dlxl and Otx2 are not. While jkh-5 transcripts are excluded from the zona limitans intrathalamica, this region is also the site of transition of high jkh-5 expression in the dorsal thalamus to low jkh-5 expression in the ventral thalamus (Fig. 6D , open arrow). In the thalamus the anterior boundary ofjkh-4 expression extends past the posterior boundary of jkh-5 and Otx2 into the dorsal thalamus, whereas the posterior boundary slightly overlaps that of Dlxl in the ventral thalamus. Cells expressing jkh-4 and jkh-5 extend across the alarlbasal plate boundary into the mammillary area (Fig. 6C,D, filled arrow) . The results of the comparative in situ hybridisation analysis are summarised in Fig. 7. 
Chromosomal localisation of the jkh-4 and jkh-5 genes
The chromosomal localisation of the jkh-4 and jkh-5 genes was determined by linkage analysis using the more than 1500 interspecies Fl offspring of the European backcross (European Backcross Collaborative Group, 1994) , which allows assignment to 0.3 centiMorgans (cM) with a confidence level of 95%. As is summarised in Fig. 8 , the mouse jkh-5 gene maps to chromosome 9 at 34.5 cM in the vicinity of the mouse mutations staggerer (sg) and small thymus (sty). The jkh-4 gene is localised in the vicinity of another winged helix gene,jkh-2 (Kaestner et aI., 1995) on chromosome 19 at 10.5 cM. An even tighter clustering of winged helix genes has been repOited for the human genes HBF-l and HBF-2, which are localized to human chromosome 14qll-13 (Wiese et al., 1995) . Known mouse mutations that have been mapped close to jkh-4 include dancer (Dc), muscle deficient (mdf) and deafness (dn). A potential relationship between jkh-4 and jkh-5 and these mutations is discussed below.
Discussion
We have cloned and sequenced two members of the Bulfone et al. (1993) . The expression patterns of. BFl, BF2, Dlxl, and Otx2 are outlined in the colours indicated. In the prosencephalon, a circumferential line indicates expression throughout a structure. The predicted prosomeric transverse domains are shown by solid lines perpendicular to the alarlbasal plate (red line with black dots). Dotted lines indicate domains in the ganglionic eminences which are not shown. The longitudinal axis of the brain runs parallel to the alar (A)lbasal (B) plate and consists of four domains including the roof (R) and floor (F) plates. ACX, archicortex; AH, anterior hypothalamus; DT, dorsal thalamus; ET, epithalamus; IS, isthmus; GE, ganglionic eminence; M, midbrain; MA, mammillary area, NCX, neocortex; OB, olfactory bulb; 1-6, prosomeres; POA, preoptic area; SC, spinal cord; SCH, suprachiasmatic area; SE, septum; TU, tuberal hypothalamus; R2-R7, rhombomeres; VT, ventral thalamus. mouse winged helix gene family, termedjkh-4 andjkh-5. Although the proteins encoded by these two genes contain unrelated carboxy-terminal domains, their winged helix domains are highly similar. Therefore, it seems likely that the two proteins will bind to related target DNA sequences. The specificity of function of the two proteins would then be defined by their divergent carboxy-termini and their expression domains.
The jkh-5 gene is transiently expressed in a subpopulation of primitive streak mesoderm which will give rise to presomitic mesoderm. Once somites are formed and begin to differentiate,jkh-5 transcripts are down regulated and become localised to the dermatome for a short developmental period. This short expression makes it likely that the jkh-5 gene is involved in the initial definition of the presomitic mesoderm but not in its terminal differentiation. In light of this observation it is interesting that as the embryo develops, residual but strong jkh-5 transcripts are localised to the tip of the developing tail which is the site in the developing embryo which is actively producing presomitic mesoderm. The jkh-5 gene may therefore be required in proliferating cells.
A second indication that jkh-5 might play a role in undifferentiated proliferation comes from the observed expression in the neural tube. Fkh-5 is initially expressed in the ventricular zone of the spinal cord and later transiently in the basal plate where the anlage of motor neurons are found. Interestingly, jkh-5 is also expressed in a sUbpopulation of proliferating neural crest cells which emerge from the neural tube between day 11.5 and day 12.5 p.c. This jkh-5 expression is only observed in emerging neural crest cells and is down-regulated as the cells migrate through the neural tube and differentiate. Our findings regarding the expression domain of jkh-5 confirm and extend previous observations by Ang et aI. (1993) , who had cloned a partial cDNA for jkh-5 termed HFH-ES.1. Ang et aI. had observed expression of this gene in both mesoderm and ectoderm of late-streak embryos, and defined later expression domains in the hypothalamus and midbrain.
Development of the rostral end of the neural tube is thought to occur by the sequential subdivision of the neural epithelium along the longitudinal axis (Puelles et aI., 1987 (Puelles et aI., , 1993 . One of the first boundaries to form is the prosencephalic/mesencephalic boundary between days 7 and 8.S p.c. The prosencephalon subsequently divides into the secondary prosencephalon rostrally from which the telencephalon differentiates, and the diencephalon. Between day 9.S and day 10.5 p.c. division of the diencephalon is established into four domains, the epithalamus, dorsal thalamus, ventral thalamus and hypothalamus (Puelles et aI., 1987 (Puelles et aI., , 1993 Bulfone et aI., 1993; Figdor and Stern, 1993) . Examining the expression patterns ofjkh-4 andjkh-5 during this process might provide a molecular framework for regionalisation within the developing brain. Fkh-5 is expressed first on day 7.5 in the neuroectoderm; subsequently, its expression splits into two domains, an anterior and a posterior, possibly reflecting establishment of the prosencephalic/mesencephalic boundary. On day 12.5 the anterior domain of jkh-5 transcription has a rostral and caudal boundary at the zona limitans intrathalamica and mesencephalic isthmus, respectively. The posterior domain initiates in the hindbrain and extends throughout the spinal cord. The jkh-4 gene is activated slightly later and its expression domain suggests that it is involved in establishing the interparaencephalic border between the dorsal and ventral thalamus: the zona limitans intrathalamica. This area is initially defined by an area of low cell density in the diencephalon on day 11.5 p.c., but restricted jkh-4 expression can be seen from day 9 p.c. On day 12.5 p.c. the zona limitans intrathalamica is clearly seen and intense jkh-4 expression is observed within. In addition to their roles in brain pattern formation their expression pattern also suggests thatjkh-4 andjkh-5 are required for the differentiation and maintenance of a specific subset of cells in the diencephalon and hindbrain. In the basal plate of the diencephalon a second region, which is defined by the domains of jkh-4 and jkh-5, is the mammillary area. On day 11 p.c., restricted jkh-5 expression is observed in a domain posterior to the zona limitans intrathalamica. Fkh-5 therefore seems to delineate the domain of the mammillary area. Fkh-4 is also expressed in the basal diencephalon in a domain which is adjacent to but overlaps that of jkh-5 in the mammillary area. It is possible that this region of overlap defines a subpopulation of mammillary nuclei. The expression pattern of jkh-4 in the zona limitans intrathalamica and mammillary area might constitute a framework for axons to grow along and to follow specific pathways to reach the mammillary area. Already a large number of genes have been implicated in the establishment of regional specification anterior to the hindbrain including transcription factors and secreted factors (reviewed in Puelles and Rubenstein, 1993) . Among these, two other winged helix genes, termed BF1 and BF2, have been proposed to be involved in regionalisation (Tao and Lai, 1992; Hatini et aI., 1994) . BF1 defines the domain of the telencephalic hemispheres and animals lacking BF1 have severely reduced cerebral hemispheres (Xuan et aI., 1995) . BF-2 is expressed from the zona limitans intrathalamica caudally (Hatini et aI., 1994) . Together these genes might provide positional cues for neuronal differentiation within the central nervous system.
We have mapped the mouse jkh-5 gene to chromosome 9 (Fig. 8) in the vicinity of the mouse mutation staggerer (sg). Mice homozygous for this mutation show staggering gait, mild tremors, hypotonia and small size (Sidman et aI., 1962) . The cerebellar cortex is underdeveloped with a deficiency of granule cells and Purkinje cells, a defect which is evident at birth (Lyon and Searle, 1989) . The expression of jkh-5 mRNA in the posterior central nervous system warrants further examination of a possible link ofjkh-5 and staggerer.
The jkh-4 gene is located on chromosome 19 in proximity to the mouse mutations muscle deficient and Dancer (Fig. 8) . Mice heterozygous for Dancer exhibit circling and head tossing behaviour, which have been attributed to defects in the vestibular ganglion (Lyon and Searle, 1989) . The expression pattern of jkh-4 makes its involvement in this mutation unlikely. Muscle deficient, however, which is characterised by a progressive muscular atrophy due to lack of innervation, could possibly be linked to jkh-4 expression. Interestingly, the human hereditary condition Friedreich ataxia, which is characterised by a degeneration of the spinocerebellar tracts, the dorsal columns and the pyramidal tracts, is localised on chromosome 9, in a region syntenic to mouse chromosome 19.
Experimental procedures
Library screen and DNA sequencing
An oligo(dT)-primed cDNA library from mouse day 8.5 p.c. embryos (Kaestner et aI., 1995) was screened with probes A and B (see Fig. 1 ) derived from the jkh-4-and jkh-5-containing genomic clone described previously (Kaestner et aI., 1993) using high stringency hybridisation and washing conditions (Church and Gilbert, 1984) . Five hybridising lambda phages corresponding to jkh-4 and jkh-5 were purified and the cDNAs subcloned into Bluescript (Stratagene) and sequenced (Sanger et aI., 1977) on both strands. The entire coding regions of both genes were also subcloned and sequenced from genomic phages.
RNA isolation and RNase protection analysis
Total RNA from brain tissues was isolated after homogenisation in guanidinium thiocyanate (Chomczynski and Sacchi, 1987) . The quality of the RNA preparations was controlled by ethidium bromide staining of the 18S and 28S rRNAs after electrophoretic separation of the RNA in denaturing agarose gels. RNase protection analysis was performed as described previously (Kaestner et aI., 1989) using [32P](a)UTP-labelled antisense RNA probes derived from Bluescript (Stratagene) subclones containing a 505 bp NotllNotl fragment of the jkh-4 gene and a 360 bp DraIlBglII fragment of the jkh-5 gene (probes C and D in Fig. 1) . A 150 bp subclone of the mouse TBP (TATA-box binding protein) gene (Tamura et aI., 1991) was used as an internal control. The antisense probes were hybridised overnight against 30 lig of total RNA at 54°C in 80% formamide. Excess probes were removed by digestion with RNases A and T1 and the protected probe fragments analysed on denaturing 6% polyacrylamide gels.
In situ hybridisation
Mouse embryos and foetuses were obtained from matings between NMRI mice. By convention the day of the vaginal plug was counted as day 0.5. Embryos were fixed in 4% paraformaldehyde (pH 7.2) overnight, dehydrated through an ethanol series, cleared in toluene and embedded in paraffin. Sections (5 lim) were cut for each stage. In situ prehybridisations and hybridisations using a 1.6 kb BssHIIISmaI fragment of the jkh-4 gene (probe A; Fig. 1 ) and a 2.1 kb BglII fragment of the jkh-5 gene (probe B; Fig. 1 ) as well as sense controls were carried out as described in Wilkinson (1992) . Slides were dipped in Kodak NTB2 emulsion diluted 1: 1 with water, exposed at 4°C for 7-14 days and developed using Kodak D19 developing solution and Kodafix at 15°C for 4 min. Sections were stained using eosin and hematoxylin and visualised using a Zeiss AXiophot microscope.
Chromosomal localisation
Linkage analysis was carried out using the DNA samples of the European Backcross (EUCIB) kindly provided by the European Backcross Collaborative Group (European Backcross Collaborative Group, 1994) 
